Abstract-With the newly gained interest in the time of flight method for positron emission tomography (TOF-PET), many options for pushing the time resolution to its borders have been investigated. As one of these options the exploitation of the Cherenkov effect has been proposed, since it allows to bypass the scintillation process and therefore provides almost instantaneous response to incident 511 keV annihilation photons. Our simulation studies on the yield of Cherenkov photons, their arrival rate at the photon detector and their angular distribution reveal a significant influence by Cherenkov photons on the rise time of inorganic scintillators -a key-parameter for TOF in PET. A measurement shows the feasibility to detect Cherenkov photons in this low energy range.
I. INTRODUCTION
I N recent years, the Cherenkov effect for electrons at energies below 511 keV has become issue of investigations for improving the time resolution of time of flight positron emission tomography (TOF-PET) [1] , [2] . The use of this effect promises an improvement of the coincidence time resolution (CTR) and therefore improvement of the signal to noise ratio in PET. The impact of the Cherenkov effect on the CTR was investigated in ref. [3] .
In inorganic scintillators, as they are used for PET, scintillation photons are emitted after interaction of 511 keV annihilation photons with the scintillator, leaving an inner shell hole and an energetic primary electron, followed by a cascade of energy relaxation processes: radiative (secondary X-rays) and non-radiative decay (Auger processes), inelastic electronscattering in the lattice, thermalization, electron−phonon interactions, trapping of electrons and holes and energy transfer to luminescent centers. All of them are introducing additional time spread to the emission of scintillation photons [4] , [5] . For the emission of Cherenkov photons, most of these processes are bypassed, since Cherenkov photons are emitted during the phase of electron scattering. This is the reason why Cherenkov photons are emitted almost instantaneously, with a precise time stamp compared to scintillation photons.
The kinetic energy of electrons after photoelectric interaction with 511 keV photons is dependent on their binding energy in the material and ranges from about 450 keV -510 keV. This energy is in the range of the lower boundary for the emission of Cherenkov photons, which is, e. g., about 100 keV for LSO. Nevertheless, it is sufficiently above the threshold for their emission. Calculations and simulations in this work will estimate the yield of the Cherenkov photons in the scintillator and after propagation to photon detectors. A short rise time is known as one key-parameter for good time resolution of scintillators and is issue of investigations in TOF-PET [1] , [4] , [6] , [7] . Therefore, this work focuses on the time distribution of both, scintillation and Cherenkov photons, when they are created inside the crystal and when they arrive at the photon detector. These arrival time distributions contain the information about the observable rise time of scintillators.
In the following, results of calculations and Geant4 [8] simulations on the yield of Cherenkov photons, their angular distribution, their influence on the observable rise time and their loss and absorption in scintillators will be shown. Finally, results of measurements of a basic coincidence setup using lead glass as Cherenkov radiator will be presented.
II. SIMULATION
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Cherenkov radiator/ scintillator Photon detector Photon detector Fig. 1 . Basic coincidence setup used for the Geant4 simulation studies. The Cherenkov radiators/scintillators have a size of 3 mm × 3 mm × 3 mm, the photon detector attached has a sensitive surface of 3 mm × 3 mm.
For investigations of the influence of the Cherenkov effect on the time resolution in Cherenkov radiators and scintillating materials, Geant4 simulations were performed (Geant4, v9.4. p3), using the Geant4-Livermore libraries for electromagnetic processes. The simulations were done for cubic crystals of cerium doped lutetium-oxyorthosilicate (LSO:Ce), cerium doped lutetium-aluminum-garnet (LuAG:Ce), lead-tungstate (PWO), bismuth-germanate (BGO) and lead glass with edge 1 The wavelength bands (λ 1 -λ 2 ) used are 260 nm -320 nm, 360 nm -420 nm and 480 nm -1000 nm. 2 lengths of 3 mm. Their surfaces were polished and surrounded by air. For optical photon detection, a photon detector with a size of 3 mm × 3 mm was attached to one of the faces of the crystals. Using these geometries, simple coincidence setups were simulated with a 22 Na source in between and the photon detectors located at the outer sides of the setup, see figure 1 . The photon detectors were assumed to be ideal, i. e., infinite time resolution and a photon detection efficiency of 1. The creation time of the back-to-back photons with 511 keV represents time t = 0 for the simulation. For the rise times of all scintillators 100 ps were assumed. This assumption was done due to ambiguous numbers in the literature, which resulted from different measurement methods and influences of the rise times of photon detectors, electronics and photon propagation in the scintillator [9] , [10] . The input values for the refractive index, n, the lower cutoff wavelength of the transmission spectrum, λ 1 , and the light yield, LY, are given in table I [11] - [15] .
In the following, the scintillation yield is the number of optical photons emitted by scintillation and Cherenkov yield is the number of optical photons emitted due to the Cherenkov effect.
A. Yield of Cherenkov Photons
The number of Cherenkov photons emitted by an electron traveling faster than the speed of light in a dielectric medium can be calculated using
with α being the fine structure constant, β, the electron velocity over the speed of light v/c and n, the refractive index, which was assumed to be constant for all wavelengths [16] . The Cherenkov yield was calculated and simulated for several scintillators and Cherenkov radiators, see table II. The upper boundary, λ 2 , was 1000 nm, the lower boundary, λ 1 , was chosen according to ref. [11] for LSO:Ce, BGO and PWO and in the case of LuAG:Ce according to ref. [12] . The numbers in table II give the expected yield of Cherenkov photons as response to 511 keV photons. For the values which are found under photoel. effect, only events, where the 511 keV annihilation photons interacted with the material by the photoelectric effect were considered. In the case of simulation, this was done by setting a threshold between Compton edge and 511 keV-peak in the total photon emission spectrum.
An example of the distribution of created Cherenkov photons in a cube of BGO, emitted after interaction of a 511 keV annihilation photon with the crystal, can be seen in figure 2, on the left-hand side. On the right-hand side of figure 2, the number of detected Cherenkov photons per event at the photon detector, attached to the cube, can be seen.
Comparing the numbers of created and detected Cherenkov photons in table II and figure 2, reveals a high loss of Cherenkov photons while their propagation through the crystal to the photon detector. One part comes from losses on the surfaces, when photons leave the crystal, the major part, however, comes from absorption inside the crystal. This can be understood, as the number of emitted Cherenkov photons is increasing at shorter wavelengths proportional to 1/λ 2 [17] , i. e., mainly in the blue and ultra violet (UV) range, where the crystals are often not transparent, depending on λ 1 . Especially for LuAG:Ce a high Cherenkov yield of detected photons can be seen, due to the transmission spectra used in the simulation.
In the case of, e. g., LSO:Ce and LuAG:Ce, many Cherenkov photons are absorbed in the range of the excitation bands due to the cerium doping. Excitation and emission bands overlap and therefore, absorption not only of Cherenkov photons but also of scintillation photons is an issue (self absorption) [18] , [19] . This overlap and the influence of the cerium doping on the transmission spectrum for LuAG:Ce is illustrated in ref. [12] . Absorption of Cherenkov photons could be decreased by adjusting (lowering) the amount of cerium doping. Increasing the Cherenkov yield with this method would lead to a decrease of the scintillation yield at the same time. Nevertheless, the total time resolution of the material might be improved, which will be shown in the following section. 
B. Influence of Cherenkov photons on the Rise Time
A good rise time of scintillators is understood to be important for good time resolution in TOF-PET [1] , [4] , [6] and can influence the CTR significantly [7] . As discussed above, the total yield of photons created in scintillators is composed of both, Cherenkov and scintillation photons. To understand the influence of Cherenkov photons on the total rise time of scintillators, the photon creation rates for both, Cherenkov and scintillation photons have been simulated. These rates are plotted in figure 3 for LSO:Ce and PWO, on the left side. The time distribution of photons arriving at the photon detector after propagating through the crystal can be seen on the right-hand side of figure 3. Although the size of the simulated scintillators is small, photon propagation inside the scintillators introduce a significant spread to the arrival times of the photons at the photon detector. These spreads can be seen when comparing the left and the right side of figure 3. These accumulated photon creation and detection rates can be understood as probability density distributions and moreover contain information about the rise times of photon creation and the observable rise times at photon detectors.
The very short time span for creation of Cherenkov photons explains, that their creation and detection rate can exceed the rate of scintillation photons, although the Cherenkov yield is low compared to the scintillation yield. In table III, this effect becomes more explicit: it gives a quantitative overview of the ratio of the number of Cherenkov photons and the number of scintillation photons within time windows of 25 ps and 100 ps. The time windows were measured from the time of creation or detection of the first photon, respectively. When looking at a time window of 25 ps the Cherenkov yields of all materials are exceeding the scintillation yields. These numbers suggest, that Cherenkov photons are an important factor of forming the rise times of scintillators. Depending on other scintillation parameters, e. g. the scintillation yields and transmission spectra, the influence of the Cherenkov photons on the rise times becomes more or less significant. As mentioned in the previous section, the ratio of Cherenkov and scintillation yield might be optimized by adjusting the amount of doping in some scintillators. Therefore, the time resolution of scintillators might be improved, simply due to a higher photon density at the beginning of the light pulse, although the total light yield might be decreased.
C. Angular Distribution
Table II shows, that the yield of Cherenkov photons at PET energies is low. In order to detect as many Cherenkov photons as possible, an optimized position for attaching photon detectors to Cherenkov radiators is important. Therefore, simulations on the angular distribution of Cherenkov photons have been performed. This was done for an LSO:Ce cube with 3 mm edge length. For the axis of the spherical coordinate system, the flight direction of the incident 511 keV photon was chosen to be the direction cos θ = 1, which, in the following, is also called forward direction.
In θ-direction, for both, the electrons and the Cherenkov photons an anisotropic distribution with a maximum at cos θ = 1 was observed, see figure 4. This θ-dependency is stronger for the electrons than for the Cherenkov photons. This anisotropy could be used for optimizing the scintillator geometry and the positioning of the photon detectors on the crystals in order to maximize the detection yield of Cherenkov photons. For this, two Hamamatsu R1450 PMTs with a transit time spread of 360 ps (sigma) were used. The PMTs were arranged in a coincidence setup with a 22 Na source in the center, see figure 5. For optimizing the alignment, the source could be moved in vertical direction by a stepping motor. Artifacts due to 511 keV photons entering the PMT and the PMT-window were avoided by placing a brick of lead in between the source and the PMT attached to the Cherenkov radiator. As Cherenkov radiator, lead glass RD50 from Schott, with a high fraction of lead-oxide (> 65%), a size of ∼ 4 cm × 5 cm × 0.8 cm and two faces polished was used. On the opposite side LSO:Ce, with a size of 3 mm × 3 mm × 8 mm was coupled to the second PMT as reference detector. The output signals of both PMTs were split, with one part connected directly to a 4 channel digital WavePro 735Zi oscilloscope from LeCroy and the other part to a constant fraction discriminator (CFD, model 103, developed at PSI) before connected to the oscilloscope. For accurate threshold setting, the output of the PMT with the lead glass on top was amplified using a NIM amplifier module 778 from Philips. The CFD thresholds were set to a level of 0.5 photons for the PMT attached to the lead glass and for the reference detector to a level between the Compton edge and the 511 keV photo peak. The coincidence was done by triggering on the two CFD outputs. By measuring the time differences of the two CFD outputs a coincidence time resolution of 832 ps FWHM was obtained, see figure 6 on the left side.
To ensure not to trigger on photons, created in the PMT window, the measurement was repeated after removing the lead glass from the PMT. The obtained background spectrum is plotted in figure 6 , on the right-hand side. Comparison of the two plots proves that Cherenkov photons have been detected with this setup.
The relatively poor CTR is due to the equipment, which was chosen for a proof of principle and not for achieving the best time resolution. By optimizing the setup, including the geometry of the lead glass, an improved CTR can be expected.
IV. DISCUSSION AND CONCLUSION
The results of section II show that both, Cherenkov photons and scintillation photons, are emitted by recoil electrons due to 511 keV annihilation photons, in commonly used scintillators for PET. For improvement of the rise time, the Cherenkov yield should be increased. One factor influencing the Cherenkov yield is the refractive index, as seen in equation 1. Therefore, choosing a material with higher refractive index is one way to increase the Cherenkov yield. A low creation threshold and a high kinetic energy of the recoil electron would additionally increase the Cherenkov yield. The initial kinetic energy depends on its binding energy in the material and ranges from 0.5 keV for oxygen to 90 keV for bismuth (K1s state) [20] .
More important is the influence of photon absorption inside the scintillators. Since the emission rate of Cherenkov photons is increasing at shorter wavelengths, materials with high transmission in the blue and UV-range, accompanied with photon detectors which are sensitive in this region are beneficial. Although it would be easier to detect photons at longer wavelengths, due to higher sensitivities of photon detectors, the low yield of Cherenkov photons in this region would not lead to a significant increase of the Cherenkov detection yield.
Comparing the numbers of the calculated Cherenkov yield in table II with ref. [1] , one notices a slight difference, which can be explained by the different wavelengths used for the calculations. Furthermore, the numbers for the detected photons in the same table show a large deviation from ref. [2] . This, however, can be explained mainly by the quantum efficiency used for the simulations and additionally by the dimensions of the crystals which is much larger in [2] , than in our case. Nevertheless, the interaction efficiency of the 511 keV annihilation photons is proportional to the crystal lengths, which shows one trade-off in PET: a high interaction efficiency of the annihilation photon with the scintillator versus a high detection efficiency of optical photons.
In all investigated scintillators, both, Cherenkov and scintillation photons are emitted after the interaction of a 511 keV annihilation photon with the scintillator, the Cherenkov yield, however, is low compared to the scintillation yield. Nevertheless, during the first few ten picoseconds the emission rates of Cherenkov photons exceed the rates of scintillation photons for all investigated materials. This is even more obvious for scintillators like BGO and PWO due to their lower scintillation and higher Cherenkov yield, respectively. As the investigated time windows of 25 ps and 100 ps for the calculated ratios of the Cherenkov yield are in the range of scintillation rise times for the simulated scintillators, the Cherenkov effect seems to be an important factor influencing the total rise time of scintillators. One has to note, that a decreased scintillation yield itself might lead to a shorter rise time but not to an improved time resolution. The crucial point is the temporal photon density at the beginning of the light pulse, which can be increased by increasing the Cherenkov yield, although a decrease of the scintillation yield at the same time is expected.
A proof of principle measurement of detecting Cherenkov photons due to 511 keV annihilation photons was done. Lead glass, usually used for radio-protection, was used for the measurement, as it is a cheap and easy to get Cherenkov radiator which is free of scintillation. The equipment for the setup was chosen to detect Cherenkov photons with a basic setup, which explains the relatively poor coincidence time resolution of 832 ps FWHM. Nevertheless, the detection of Cherenkov photons is proven.
A crucial issue for TOF-PET is the not existing energy resolution when using the Cherenkov effect only, simply due to the low Cherenkov yield in this energy range. This would lead to problems in PET as energy information is needed for discrimination between scattered events and events due to the photoelectric effect. But the Cherenkov effect can be exploited in combination with scintillation. This might be done in two ways: either subsequent detection of Cherenkov and scintillation photons, or the improvement of the rise time of scintillating materials by increasing the Cherenkov-yield of the material. The first point would require very slow rise times of the scintillation process and very fast photon detectors with excellent time resolution and very low dark count rates. An advantage of this method would be the possibility to measure two time stamps (Cherenkov and scintillation) per event, which might improve the time resolution additionally. The second point of improving the rise time by increasing the ratio of the Cherenkov yield, seems to be easier. Especially, the high emission rate of Cherenkov photons during the beginning of scintillation emission, would make this option promising. As a consequence, maximizing the Cherenkovyield by optimizing the geometrical detector layout, refractive index, the kinetic energy available for the recoil electron and especially enhancing the transmission spectrum could lead to an improved total rise time of scintillators and therefore to improved time resolution of TOF-PET.
V. OUTLOOK
The results of this work show, that both, Cherenkov photons and scintillation photons are emitted after interactions of 511 keV photons. The good timing properties of the Cherenkov photon emission could be exploited using materials with high Cherenkov-yield, which might be achieved by optimizing refractive index and transmission wavelengths. Furthermore, the method of subsequent photon detection seems to be promising in terms of timing. Nevertheless, photon detectors should be optimized for the emission wavelengths of Cherenkov photons, which are mainly in the blue and UV-range. Measurements on the rise times of scintillators would be very interesting, e.g., for LSO:Ce or LuAG:Ce with varying Ce doping, as a dependency of the rise time on the doping would strengthen the conclusions of this work.
